ABSTRACT
INTRODUCTION
Environmental chemicals are increasingly suspected of inducing estrogenic effects. It has been proposed that they possess hormone-like properties, such as mimicking natural hormones, inhibiting the action of hormones, and inducing abnormal gene expression. Among environmental chemicals, the alkylphenol products (APs), octylphenol (OP) and nonylphenol (NP), are derived from alkylphenol ethoxylates and have been reported to be environmentally persistent. Alkyl groups are typically branched nonyl-, octyl-, or dodecyl-chains, forming a variety of isomers mostly in the para-position of the phenolic ring. Numerous APs have been identified that can bind to the estrogen receptor (ER) and initiate transcription of ER-regulated genes in vitro [1, 2] , but their potency is about 1000-to 10 000-fold lower than 17␤-estradiol (E2) [3] . In addition, APs that are weakly estrogenic have been known to increase uterine weight in traditional uterotropic assays [4] . In vitro, E2 has been demonstrated to induce maximal proliferation of MCF-7 cells at 1 nM concentration, and OP and NP have been found to be considerably potent estrogenic factors at 1 and 10 M, respectively. Treatment with OP and NP inhibited the binding affinity of E2 to ER in MCF-7 cells by a competitive ER binding assay [5] . In female rats, subcutaneous OP induced estrogen-like effects in the reproductive system, as evidenced by alterations in the estrous cycle and increased uterine weight [4, 6] . Sperm production and testes weight in offspring of dams exposed during pregnancy and lactation was reduced by administered OP in drinking water at approximately 0.1 ppm [7] . Although environmental exposure to these chemicals has the potential to disrupt or interfere with reproductive functions, the mechanism remains to be clarified.
E2 effects the temporal and cell type-specific expression of various genes, the products of which mediate cell growth, differentiation, and general homeostasis of reproductive and other systems [8, 9] . In rats, the concentration of E2 is consistently low throughout neonatal development and starts to increase after Day 28 of age [10] . The uterus and ovaries are two of the most sensitive tissues to estrogen, and both tissues express ER␣ and ER␤. In particular, ER␣ is predominantly expressed in uteri, while ER␤ is expressed in ovaries [11, 12] . In the previous studies, we demonstrated that expressions of the Calbindin-D 9k (CaBP-9k) gene is regulated through binding of the ER/estrogen complex to estrogen response element (ERE) in rats, and this binding enhanced expression of ER␣ mRNA in uteri treated with estrogenic compounds [6, 13] . The CaBP-9k that binds calcium with high affinity is expressed in the intestines, uterus, placenta, and kidneys [14, 15] . The CaBP-9k mRNA in the uterus is known to fluctuate during the estrous cycle of rats, depending on serum estrogen level. The CaBP-9k mRNA at diestrus was not detectable, but increased at proestrus, reached the highest level at estrus, then decreased as metestrus [16] . It was shown in a previous study that the rat CaBP-9k gene binds to ER because it contains an estrogen-response element in the encoding region [13] . The induction of CaBP-9k in rat placenta and endometrial epithelium at the time of maximal fetal bone growth and accumulation of calcium suggests its involvement in maternal-fetal calcium transport [17] . During late pregnancy, the expression of CaBP-9k mRNA in rat uteri increases from Day 16 of pregnancy, peaks at Day 21, and dramatically decreases after parturition from Day 1 to 2 of lactation [18] . In our previous studies, we demonstrated that maternal-fetal transfer of endocrine disruptors resulted in an increase in the induction of CaBP-9k mRNA and protein in the fetal uterus during late pregnancy. In particular, diethylstilbestrol (DES) and APs were transferred to fetuses, and the transplacental absorption of alkylphenols resulted in an induction of CaBP-9k in fetal uteri [19] , which was not expressed in the uterus of mature ovariectomized and immature rats [20] .
In the present study, we investigated the expression of CaBP-9k mRNA and protein in maternal and neonatal uteri following maternal exposure to OP and NP during late pregnancy. In addition, the effect of estrogenic compounds on the expression of ER␣ mRNA in these tissues was examined to elucidate correlative expressions of CaBP-9k and ER.
MATERIALS AND METHODS

Animal Treatments
Pregnant Sprague-Dawley rats were obtained from Dae Han Biolink Co., Ltd. (Chungbuk, Korea). All animals were housed in polycarbonate cages, and used after acclimation to an environmentally controlled room (temperature, 23 Ϯ 2ЊC; relative humidity, 50 Ϯ 10%; frequent ventilation; and a 12L:12D cycle). They were fed with soy-free pellet food (Dyets Inc., Bethlehem, PA). In the experiment, six groups of five animals (total n ϭ 30) were given subcutaneous (SC) injections with OP and NP at the doses of 200, 400, and 600 mg/kg body weight (BW) per day dissolved in corn oil (Sigma-Aldrich Corp., St. Louis, MO) during Days 17-19 of pregnancy. As control groups, three groups of maternal rats (total n ϭ 15) were injected with a single dose of DES (500 g/kg BW per day) and E2 (40 g/kg BW per day) on Day 17 of pregnancy, or corn oil during Days 17-19 of pregnancy. On the fifth day after parturition, both dams and pups were killed (Fig. 1) . The uteri were washed in cold sterile 0.9% NaCl solution (0.9% normal saline) and used for RNA and protein extraction. All experimental procedures and animal use were approved by the Ethics Committee of the Chungbuk National University.
Northern Blot Analysis
Total RNA was extracted with Trizol (Life Technologies, Rockville, MD) according to manufacturer's suggested procedure, and the concentration of RNA was determined by the absorbance at 260 nm. Northern blot analysis was performed to determine CaBP-9k mRNA, as described previously [19] . Briefly, 10-20 m total RNA isolated from maternal uteri was electrophoresed and 28S rRNA was used as an indication of the quantity of total RNA. The total RNA was transferred overnight onto a nylon membrane (Schlicher and Schuell, Keene, NH), ultraviolet cross-linked, and prehybridized in buffer containing 50% formamide, 5ϫ Denhardt (0.1% polyvinyl pyrrolidine, 0.1% BSA, 0.1% Ficoll), 5ϫ SSPE (sodium chloride, sodium phosphate, EDTA), 0.1% SDS, and denatured salmon sperm DNA (100 g/ml) for 2 h at 42ЊC before adding labeled probe. The cDNA for CaBP-9k was labeled with [ 32 P]dCTP (3000 Ci/mmol; Amersham Biosciences, Little Chalfont, UK) using the Random-Primed DNA labeling kit (Takara, Shiga, Japan) and purified as indicated in the manufacturer's protocol. Hybridization was performed in the fresh buffer at 42ЊC for 18 h with 32 P-labeled cDNA. After washing under stringent conditions, the membrane was exposed to Kodak X-AR film (Eastman Kodak, Rochester, NY) at Ϫ80ЊC.
Reverse Transcription-Polymerase Chain Reaction
Northern blot analysis was performed to analyze the expression of CaBP-9k mRNA in neonatal uteri, but CaBP-9k transcript was not detectable. Thus, reverse transcription-polymerase chain reaction (RT-PCR) was alternatively performed to detect CaBP-9k mRNA in this tissue. Total RNAs (5 g) from the neonatal uterus were used for RT-PCR analysis. Total RNAs were subjected to first-strand cDNA synthesis using M-MLV reverse transcriptase (KOSCO Inc., Seoul, Korea) and random primer (9 mer). Aliquots of 1 l were used for PCR at standard conditions. To determine the condition under which PCR amplification for CaBP-9k (314 base pair [bp]), ER␣ (325 bp), and Cytochrome c oxidase subunit 1 (1A, 968 bp) mRNA were in the logarithmic phase, the aliquots (1l) were amplified using different numbers of cycles. The PCR product of the 1A gene was amplified to rule out the possibility of RNA degradation and was used to control the variation in mRNA concentrations in the RT reaction. A linear relationship between PCR products and amplification cycles was observed in CaBP-9k, ER␣ and 1A mRNAs. Twenty-five cycles for CaBP-9k and ER␣, 18 cycles for 1A gene were employed for quantification. The cDNA was amplified in a 20-l PCR reaction containing 1 unit Taq polymerase (Intron Co., Seoul, Korea) and its buffer, 1.5 mM MgCl 2 , 2 mM deoxy-NTP, and 100 pmol specific primers. PCR reactions were denatured at 95ЊC for 1 min, annealed at 55ЊC for 1 min, and extended at 72ЊC for 1 min 30 sec. The primers of CaBP-9k were 5Ј-AAG AGC ATT TTT CAA AAA TA-3Ј (sense, JK1) and 5Ј-GTC TCA GAA TTT GCT TTA TT-3Ј (antisense, JK2). The primers of ER␣ were 5Ј-ATG ATC AAC TGG GCA AAG A-3Ј (sense, ER1) and 5Ј-TGT ACA CTC CGG AAT TAA GC-Ј (antisense, ER2). The primers of the 1A gene were: 5Ј-GAT ATA GCA TTC CCA CGA ATA-3Ј (sense, A-1) and 5Ј-GGG CTT TTG CTC ATG TGT CAT-3Ј (antisense, A-2). Ten microliters of PCR products were fractionated on a 2% agarose gel, stained with ethidium bromide. The photograph was scanned and analyzed using molecular analysis program version 1.5 (Gel Doc 1000; Bio-Rad, Hercules, CA). The PCR product was then transferred from the agarose gel to the nylon membrane using Vacuum blotter (Bio-Rad) and ultraviolet cross-linked to the membrane using a Gene Cross-Linker (Bio-Rad). Membranes were prehybridized in 50% formamide, 5ϫ SSPE, 5ϫ Denhardt, 0.1% SDS, 0.1 mg/ml salmon sperm DNA for 3 h at 42ЊC. The [ 32 P]dCTP-labeled probes were added to the hybridization solution and incubated for 16 h at 42ЊC. The membranes were washed three times at 42ЊC in 2ϫ SSC, 0.1% SDS, at 54ЊC in 1ϫ SSC, 0.1% SDS, and at 68ЊC in 0.1ϫ SSC, 0.1% SDS. The membranes were then exposed to x-ray films (Eastman Kodak Co.). The film was scanned and analyzed by molecular analysis program version 1.5 (Gel Doc 1000; Bio-Rad).
Western Blot Analysis
The uteri were rapidly excised and washed in cold sterile 0.9% NaCl solution. Protein was extracted with Proprep (Intron Co.) according to the supplier's instruction. Fifty micrograms of cytosolic protein per lane were dissolved by SDS/PAGE (15% acrylamide) and transferred to polyvinylidene fluoride transfer membrane (Perkin Elmer Co., Wellesley, MA) by a TransBlot Cell (Bio-Rad) according to the manufacturer's protocol. The membranes were then blocked with phosphate-buffered saline containing 0.05% Tween-20 and 5% dry milk for overnight and were incubated sequentially with primary and secondary antibodies dissolved in 1% BSA for 1 h at room temperature. To detect CaBP-9k protein, a polyclonal antibody (1:2000; Swant, Bellinzona, Switzerland) to rat CaBP-9k was employed, and beta-actin antibody (42 kDa; Santa Cruz Biotechnology, Santa Cruz, CA) was used as an indication of the quantity of total protein [21] . Horseradish peroxidase-conjugated anti-rabbit IgG (Santa Cruz Biotechnology) was used as a second antibody and visualized using the ECL chemiluminescent system (Amersham Biosciences), followed by autora- 
Immunohistochemical Staining
The localization of CaBP-9k protein was examined by immunohistochemistry. Small pieces of rat uteri were embedded in paraffin, and paraffin sections (5 m) were deparaffinized in xylene and hydrated in descending grades of ethanol. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol for 20 min. Incubation of the sections in 3% bovine serum albumin (BSA) blocked nonspecific reaction for 1 h at room temperature and sequentially incubated with a rabbit polyclonal antibody (1 g/ml, 1:1000; Swant) specific to the rat CaBP-9k dissolved in 1% BSA at 4ЊC for overnight. After washing, the sections were incubated with the secondary biotinylated antibody (rabbit IgG; Vector Laboratories, Inc., Burlingame, CA) for 30 min, and further incubated with ABC-Elite for 30 min at room temperature. Diaminobenzidine (Sigma, St. Louis, MO) was used as chromogen, and the sections were counterstained with hematoxylin followed by mounting in Canada balsam.
Data Analysis
Data are presented as the mean Ϯ SD. The data were analyzed by a nonparametric procedure of Kruskal-Wallis test, followed by the Dunnett test for two-pair comparisons. Each value of the Dunnett test was converted to rank for statistical analysis. All statistical analyses were performed with SAS (SAS Institute, Cary, NC). P Ͻ 0.05 was considered statistically significant.
RESULTS
Expression of CaBP-9k mRNA in Maternal and Neonatal Uteri
In maternal uteri, treatment with a high dose (600 mg/ kg BW) of OP and NP induced the expression of CaBP-9k mRNA on the fifth day after parturition, as did a single dose of DES or E2 (Fig. 2) . The 600 mg/kg BW per day dose increased CaBP-9k 3-fold and 4-fold for OP and NP, respectively. CaBP-9k mRNA was induced by a single dose treatment with DES (5-fold, 50 g/kg BW per day) and E2 (1.9-fold, 40 g/kg BW) for 3 days. However, treatments of maternal rats with lower doses of OP and NP (200 and 400 mg/kg BW) for 3 days failed to change the expression level of CaBP-9k mRNA, as shown in Figure 2 .
Using RT-PCR analysis, we examined the expression of CaBP-9k mRNA in neonatal uteri following maternal injection with APs, DES, and E2. The expression of neonatal CaBP-9k mRNA was significantly induced when treated with a high dose of OP (15-fold, 600 mg/kg BW per day) and DES (41-fold, 50 g/kg BW per day), as seen in Figure  3 . However, lower doses of OP and NP did not change the level of CaBP-9k mRNA following maternal exposure to these chemicals.
Expression of ER␣ mRNA in Maternal and Neonatal Uteri
The effect of estrogenic compounds on the expression of ER␣ mRNA in maternal and neonatal uteri was further examined to correlate CaBP-9k expression with ER␣ by RT-PCR. The expression of ER␣ mRNA was slightly reduced by OP (400 and 600 mg/kg BW), similar to what a single dose of E2 did in maternal uteri (Fig. 4) . However, no significant difference was observed in treatments with all doses of NP and a low dose of OP (200 mg/kg BW) in this tissue.
Treatments with a high dose of OP (600 mg/kg BW) and all doses of NP resulted in a decrease of ER␣ in neonatal uteri, as demonstrated in Figure 5 . A single treatment with E2 (0.29-fold, 40 g/kg BW per day) decreased the level of ER␣ in this tissue as well (Fig. 5) . Therefore, treatment with OP and NP resulted in a significant decrease in the expression level of ER␣ mRNA in neonatal uteri.
Expression of CaBP-9k Protein in Maternal Uteri
The level of CaBP-9k protein was examined in maternal uteri by immunoblot analysis. A significant amount of CaBP-9k protein was detected in maternal uterus. Treatments with a high dose (600 mg/kg BW per day) of OP and NP resulted in a significant increase of CaBP-9k protein less than 2-fold in maternal uteri, as demonstrated in Figure 6 . In addition, a single dose of DES increased CaBP9k protein expression (2-fold). However, we could not examine the expression level of CaBP-9k protein in neonatal uteri due to lack of sufficient protein from this tissue for immunoblot analysis.
Localization of CaBP-9k Protein in Maternal Uteri
The CaBP-9k protein was localized in the endometrium and smooth myometrial fibers of maternal uteri by immunohistochemistry, as shown in Figure 7 . In parallel with CaBP-9k protein level measured by immunoblot analysis, the expression of CaBP-9k protein was increased in a dosedependent manner by immunohistochemistry following maternal exposure to APs in this tissue (Fig. 7) . In particular, treatment with DES (50 g/kg BW per day) resulted in an increase of CaBP-9k protein in this tissue. These results indicate that CaBP-9k protein, which is widely spread through stromal cells in the endometrium and myometrium of maternal uterus, may be induced by treatments with OP and NP.
Expression of CaBP-9k Protein in Neonatal Uterus
The CaBP-9k protein of neonatal uterus at Day 5 after delivery was further investigated following maternal injection with increasing doses of APs and a single treatment with DES and E2 by immunoblot analysis. Parallel to maternal CaBP-9k protein expression, treatment with DES resulted in upregulation of CaBP-9k protein in postnatal uteri. However, no significant difference was identified in the expression of CaBP-9k protein by APs or E2 in this tissue, as indicated in Figure 8 .
DISCUSSION
The present study suggests that estrogenic effects of APs and DES persist for 5 days after delivery following maternal exposure during late pregnancy. The treatment with a high dose of OP and NP significantly induced the expression of CaBP-9k mRNA at Day 5 of lactation (L5), and a single treatment with DES and E2 induced an increase of CaBP-9k mRNA in maternal uteri. As E2 is at a low level at L5, APs, OP and NP maternally injected, may function as estrogens during this period. It has been demonstrated that the CaBP-9k gene is regulated by estrogen and affected by estrogenic compounds in the uterus of rats [6, 20] . The expression of CaBP-9k mRNA in neonatal uteri was induced following treatments with APs that had transferred from the maternal side to fetus during late pregnancy and persisted at L5. Also, the treatment with OP and NP resulted in a significant decrease in the level of ER␣ mRNA in neonatal uteri to parallel the maternal uterus. We reasoned that up-or downregulation of these genes would be potentially important for detection of the estrogenic compounds from maternal transmission.
EFFECT OF ALKYLPHENOLS IN POSTNATAL RAT UTERUS
CaBP-9k gene expression is controlled by vitamin D in the intestines. However, this gene was induced by estradiol in the uterus, not by vitamin D, despite the presence of vitamin D receptor in the uterus [20] . E2 is one of the major factors controlling the expression of the CaBP-9k gene in rat uteri. During late pregnancy, the expression of CaBP9k mRNA in rat uteri increases from Day 16 of pregnancy and peaks at Day 21 [18] . The induction of CaBP-9k in uterus at the time of maximal fetal bone growth and accumulation of calcium suggests its involvement in maternal-fetal calcium transport [17] . This gene starts to decrease during lactation and dramatically decreases at Day 5 of lactation. The lower level of CaBP-9k seems to be the result of the combination of high progesterone and low estrogen levels in the uterus of rats during lactation [22] . In the previous study, we demonstrated that CaBP-9k mRNA and protein were induced by environmental estrogenic compounds, which can be used as a marker gene for environmental estrogenic chemicals in the uterus of immature rats [6, 21] . The expression of CaBP-9k was induced by treatments with high doses of OP and NP in maternal uteri during late pregnancy, suggesting that the effects observed within the uterus of neonatal rats from maternal exposure reflect activation of APs. Parallel to CaBP-9k mRNA level, CaBP-9k protein was significantly increased by treatment with a high dose of OP and NP. Also, we performed immunohistochemistry to localize CaBP-9k protein in maternal uteri. The level of CaBP-9k protein in maternal uteri was dose-dependently increased by treatment with APs (OP and NP) and DES. The CaBP-9k protein is predominantly expressed in endometrial and myometrial stromal cells and smooth myometrial fibers in the estrous cycle of rats [23] . The present study demonstrated that CaBP-9k protein is induced by APs and DES in the subpopulation of stromal cells, but not in epithelial cells at L5.
A high dose of OP and DES significantly induced the expression of CaBP-9k mRNA in neonatal uteri, indicating that OP is a more potent estrogenic compound transferred from maternal exposure than NP. Maternally administered compounds can be transported to the fetus, and the capacity of compounds to cross the placenta is affected by hydrophilic, lipophilic, pH, partition coefficient, etc., properties [24, 25] . Placental transfer may require both lipophilic and hydrophilic properties [26] . In our previous study, we demonstrated that maternally injected estrogenic compounds resulted in an increase in the induction of CaBP-9k mRNA and protein in fetal uteri through the placenta [19] . Based on the dose-response data of molar equivalent doses in immature rats, the relative potencies of tested chemicals following subcutaneous injection are indicated as follows, 4-tert-octylphenol ϭ 4-nonylphenol Ͼ bisphenol A [27] . Treatment with a high dose of OP and NP and a single dose of DES resulted in a significant increase of CaBP-9k protein in maternal uteri. Parallel to its mRNA level, a significant increase in CaBP-9k protein was demonstrated in neonatal uteri following treatment with DES maternally injected during pregnancy. However, there was no significant induction in the protein of CaBP-9k after treatment with APs (OP and NP) or E2 compared with DES. In the present study, the expression of CaBP-9k mRNA in neonatal uteri was induced following treatments with high doses of OP that had transferred from the maternal side to the fetus during late pregnancy and persisted through L5. OP has the greatest potential as an estrogenic compound among 4-alkylphenols, and it binds to ER, activates estrogen-responsive genes, and stimulates proliferation of MCF-7 cells [4, 28] . Exposure of pregnant rats to OP via drinking water has been reported to reduce testicular size and sperm production in the offspring [7] . Furthermore, NP was found to stimulate the growth of MCF-7 cells in vitro and enhance the uterotrophic response in mice and rats [27, 29, 30] .
The actions of estrogen are primarily executed by its binding to nuclear estrogen receptors. Estrogens modulate the transcription of genes following binding as hormone receptor complexes to EREs in target promoters [31, 32] . APs have been reported to be weakly estrogenic. ER binding is primarily the result of interaction of the receptor with both a hydrophobic and a phenolic residue [33] . In the uteri of newborn mice after prenatal exposure, OP does not induce the expression of either ER␣ mRNA or protein in uterine epithelium. Furthermore, the protein level of ER␣ was decreased slightly in a dose-dependent manner [34] . In contrast with OP, methoxychlor has been shown to induce the expression of ER mRNA and protein in the uterine epithelium of mice [35] . In the present study, treatments with OP and E2 resulted in an inhibition of ER␣ mRNA in maternal uteri, whereas treatments with all doses of NP and a high dose of OP induced a decrease in ER␣ mRNA, as did E2. These results suggest that NP is more transferable from the maternal side to the fetus to affect the level of ER␣ mRNA in neonatal uterus than OP. The CaBP-9k gene carries an ERE, mediating expression in the rat uterus [36] . The CaBP-9k gene has an imperfect ERE that differs by only one nucleotide. Although this single nucleotide difference is important in the interaction between ER and ERE, the ERE in the promoter region of CaBP-9k gene binds to ER [37] .
In conclusion, maternal exposure to the APs, OP and NP, during late pregnancy increased the expression levels of CaBP-9k mRNA and protein in maternal and neonatal uteri. These results suggest that the absorption and distribution of environmental estrogenic compounds in maternal and neonatal uteri are extremely rapid, and these chemicals can easily pass though the placenta during pregnancy to affect functions of neonatal reproductive tissues.
